To use fi nite element modeling based on fl at-panel volume computed tomography (CT) and bone mineral density (BMD) provided by dual-energy x-ray absorptiometry (DXA) to compare bone failure load, stiffness, and trabecular structure in women with anorexia nervosa (AN) and age-matched normal-weight control subjects.
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Walsh et al criteria for AN ( 14 ) . Exclusion criteria included pregnancy; diabetes mellitus; thyroid, cardiac, liver, or renal disease; or medications known to affect bone metabolism. The normal weight for healthy control subjects was defi ned as 90%-100% of ideal body weight for age. In addition, exclusion criteria for healthy control subjects included history of an eating disorder or amenorrhea. All subjects were examined during one study visit at our clinical research center.
Flat-Panel Volume CT Image Acquisition
Flat-panel volume CT (Siemens, Forchheim, Germany) was performed to obtain 150-m m 3 resolution CT images of the nondominant distal radius, unless there was a history of fracture at that site, in which case the nonfractured radius was scanned. Design and use of the fl at-panel volume CT scanner has been described previously ( 8, 13 ) . The fl at-panel volume CT scanner was utilized in the 1 3 1 binning mode, providing an effective fi eld of view of 25 3 25 3 4.5 cm and the highest resolution of 150 µm achievable with the those obtained from experiments on cadaveric forearms ( 9, 12 ) .
Despite extensive literature demonstrating low BMD in patients with AN, data regarding bone structural changes are sparse. Flat-panel volume CT has been previously introduced and validated as a noninvasive technique for the evaluation of trabecular bone structure in adolescent girls with AN ( 8 ) . It is an imaging modality that combines the advances in CT with digital fl at-panel detector technology and is capable of high-resolution (150 3 150 3 150 µm) in vivo imaging ( 13 ) . However, its use for the creation of fi nite element models of bone trabecular architecture has not yet been examined.
By using fi nite element modeling based on fl at-panel volume CT and BMD provided by dual-energy x-ray absorptiometry (DXA), the purpose of our study was to compare bone failure load, stiffness, and trabecular structure in women with AN and age-matched normal-weight healthy control subjects.
Materials and Methods

Study Design
The study was approved by our institutional review board at Massachusetts General Hospital and complied with Health Insurance Portability and Accountability Act guidelines. ( 1, 2 ) and is associated with substantial bone loss ( 3, 4 ) and low bone mineral density (BMD) ( 5 ) . Bone strength is not only determined by BMD but also by the spatial arrangement of the trabeculae and the mechanical properties of bone ( 6 ) . Trabecular structure parameters have been shown to better distinguish healthy from diseased bone than BMD alone ( 7, 8 ) . However, these measures do not include information about bone mechanical properties or tissue level strain.
Finite element analysis is a method that can be used to evaluate stiffness and strength of bone in vivo. It offers the ability to directly evaluate bone mechanical properties and to predict failure load ( 7 ) and fracture risk ( 8 ) . Finite element models of the distal radius have been created from in vivo three-dimensional peripheral quantitative computed tomographic (CT) images ( 9-11 ) and more recently from high-resolution peripheral quantitative CT images ( 12,13 ) with spatial resolutions of 165 and 82 m m, respectively. These models have primarily been constructed by segmenting out cortical and trabecular bone from the surrounding tissues with a thresholding technique based on attenuation so that bone trabecular architecture is directly incorporated. By using these models, good correlations have been obtained between predicted stiffness and failure load and
Implication for Patient Care
Flat-panel volume CT imaging n could potentially be used as a noninvasive technique for estimating bone failure load and stiffness from fi nite element models in women with AN.
Advances in Knowledge
Flat-panel volume CT images of n the distal radius at 150-m m resolution allow the creation of fi nite element models that include trabecular architecture.
Bone failure load and stiffness are n reduced for women with anorexia nervosa (AN) compared with normal-weight control subjects.
Bone mineral density and traben cular structure parameters, apart from trabecular bone thickness, correlate with bone failure load and stiffness. 
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The estimated failure load for the bone specimen was computed on the basis of a failure criterion from Pistoia et al ( 9 ) , where failure was assumed to occur when 2% of the bone tissue was strained beyond a critical limit of 0.7%.
Statistical Analysis
Software (JMP Statistical Database, version 4; SAS Institute, Cary, NC) was used for statistical analysis. Results are reported as means 6 standard deviations. A P value less than .05 was considered to indicate a statistically signifi cant difference. Variables were compared by using the Student t test. Univariate regression analysis was performed to determine associations of mechanical properties (stiffness, failure load) with trabecular structure measurements, BMD, lean mass, and body mass index. Variables were tested for normality of distribution by using the Shapiro-Wilk test. We used Pearson correlation when data were normally distributed and Spearman correlation when data were not normally distributed. Univariate regression analysis was performed to determine the correlation between stiffness and strength. z scores were calculated. We used DXA to obtain measurements of fat mass (in kilograms), lean mass (in kilograms), and percentage of body fat.
Three-dimensional Finite Element Modeling
Each subject was scanned with a calibration phantom to standardize grayscale values and maintain consistency. This custom-designed calibration phantom consisting of three test tubes embedded within the foam cushion attached to a hand splint was used for stabilizing the wrist joint. The fi rst test tube contained normal saline to provide calibration for 0 HU. The other two test tubes contained calibrated solutions of Ca 2 (HPO 4 ) 3 that measured 130 and 200 HU with a conventional multidetector CT ( 8 ) . Before processing, CT images were supersampled by a factor of two by using bilinear interpolation, and a contrast enhancement fi lter was applied for better differentiation of the fi ne trabecular bone from the surrounding tissue. Threshold-based segmentation of the cortical and trabecular structure was performed with software (MIMICS; Materialise, Leuven, Belgium) to obtain 5-mm axial sections of the distal radius. Region growing was applied to the segmented structure to remove any fl oating portions. Three-dimensional models were created by using a matrix reduction setting of 1 3 1 and the advanced edge triangle reduction method. This model was remeshed by using software (MIMICS) to ensure that the triangular element size, shape, and quality were high and that trabecular plates and rods had at least four elements across them. This surface fi nite element model was then converted to a three-dimensional solid mesh with linear tetrahedral elements in Abaqus CAE (SIMULIA, Providence, RI), resulting in approximately 2-8 million fi rst-order tetrahedral elements ( Fig 1 ) .
Finite Element Analysis
A 0.1% axial strain was prescribed to the top face of the 5-mm section of the distal radius, and axial displacements at the bottom face were constrained, simulating a zero-friction compression scanner. Tube voltage and tube current setting were 100 kV and 30 mA, respectively, which led to a delivered radiation dose of 0.027 mSv. A modifi ed Feldkamp algorithm was used for cone-beam reconstruction ( 13 ) .
The wrist of the subject was immobilized during the examination by strapping it to a foam cushion. For each case, 100 CT sections were obtained, delivering a three-dimensional representation of approximately 20 mm in the axial direction. All measurements were performed 10 mm proximal from the articular surface, corresponding to the DXA measurement of the ultradistal radius.
Measurement of Trabecular Structure
Trabecular structure parameters were calculated by using software (Micro View; GE Healthcare, Waukesha, Wis). For each distal radius, a three-dimensional oval region of interest was defi ned within the distal radius to cover a maximum area of trabecular bone without including any cortical bone. The observer (C.M.P., 8 years of experience in radiology) was blinded to patient status (patient with AN vs control subject). Trabecular bone was segmented from marrow, with the individual threshold level defi ned by the automatic threshold level function of the software (15) (16) (17) . The function provides automated segmentation by generating the attenuation histogram of the volume of interest and fi tting the data by using the Otsu algorithm ( 18 ) . By using standard methods from histomorphometry ( 19 ) , the following measures of trabecular structure were calculated: apparent trabecular bone volume fraction (BV/TV) as a percentage, apparent trabecular number (TbN) in 1/millimeters, apparent trabecular thickness (TbTh) in millimeters, and apparent trabecular separation (TbSp) in millimeters.
BMD and Body Composition
We used DXA (QDR 4500; Hologic, Waltham, Mass) to measure BMD and body composition. BMD (in grams per square centimeter) was assessed at the ultradistal radius, radius, lumbar spine, hip, femoral neck, and total body. T and
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Trabecular Structure
Trabecular structure parameters (BV/TV, TbN, and TbSp) were significantly index, fat mass, and percentage of body fat than control subjects. The two groups did not differ in age or lean mass.
Stepwise regression modeling was performed to determine predictors of stiffness and failure load for the whole cohort. Potential predictors that were entered into the model included TbN, TbTh, and BV/TV. We did not include TbSp in the model because this was strongly correlated with TbN. We also used stepwise regression to determine whether bone structural parameters remained significant predictors of stiffness and failure load after controlling for body mass index, fat mass, or diagnostic category.
Results
Clinical characteristics of the cohort are summarized in Table 1 . As expected, women with AN had lower body mass 
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Walsh et al the ultradistal radius. These were in the same range as correlations of BV/TV, TbN, and TbSp with the mechanical parameters. All correlations were greater for failure load than for stiffness.
Multivariate Analyses
For stepwise regression analysis, with TbN and TbTh entered into the model, TbN accounted for 57% of the variability in stiffness and failure load ( Table 5 ) . The results did not change when BV/TV was added to the model. Similarly, after controlling for body mass index, fat mass, or categorization of the groups as AN or control, TbN was an independent and positive predictor of stiffness and failure load ( P = .002 for both).
In a stepwise regression model with the same parameters entered into the model one at a time, TbN accounted for 57% of the variability of both stiffness and failure load.
Discussion
Decreased bone mass and increased risk of fracture has been demonstrated in AN (21) (22) (23) . In a previous study ( 8 ) , abnormal bone structure in adolescents with AN was demonstrated by using fl at-panel volume CT. In the current study, we calculated mechanical properties (failure load and stiffness) by using fi nite element analysis on models created by using fl at-panel volume CT images of the distal radius in addition to trabecular structure analysis and BMD measurements in adult women with AN and healthy control subjects of comparable age. Our data indicated signifi cant reductions in stiffness and failure load, BMD, BV/TV, and TbN, as well as a signifi cant increase in TbSp in the AN group. Although TbTh was also reduced in the AN group, the result was not statistically signifi cant. Recently, Boutroy et al ( 24 ) , using high-resolution peripheral quantitative CT with a spatial resolution of 82 m m, compared volumetric bone density, trabecular structure measurements, and mechanical properties at the radius between postmenopausal women with a history of osteoporotic wrist fractures and age-matched control subjects
DXA Results
There were signifi cant differences in BMD measurements at all sites between AN and control groups ( P = .001 to .02) ( Table 3 ). The percentage difference in bone density between the two groups was the greatest at the lumbar spine and femoral neck.
Correlation between DXA, Structural Parameters, and Mechanical Properties
All trabecular parameters (except TbTh) showed signifi cant correlations with the two mechanical parameters, stiffness and failure load ( Table 4 ) . BMD measurements and z and T scores at the anatomic sites also demonstrated signifi cant correlations with stiffness and failure load ( r = 0.58 to 0.83). The strongest correlations between DXA measurements and mechanical properties were observed for BMD of the radius and different between AN and control groups ( P , .05). Subjects with AN had lower BV/TV and TbN and higher TbSp. TbTh was lower in women with AN ( P = .1) ( Table 2 ) .
Finite Element Analysis
Stiffness and estimated failure load were signifi cantly lower ( 2 27% and 2 29%, respectively) in the AN group than in the control group ( Table 2 ) . Failure load was found to correlate highly with stiffness ( r = 0.99). A plot of the von Mises stress distribution for a sample AN model is illustrated in Figure 3 . The stress distribution corresponds to an axial strain of 0.34% which, for that case, corresponded to failure (ie, 2% of the bone volume exceeding 0.7% strain). The illustration highlights the high local stresses (in red on Figure 3 ) in the trabecular structure. Note.-Unless otherwise indicated, data are means 6 standard deviations.
* Percentage difference between women with AN and control subjects was calculated for trabecular parameters and mechanical parameters.
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previous studies, our method suffi ces for comparing relative bone mechanical properties between the two cohorts in this study.
for the fi nite element mesh. However, while these factors would result in different absolute values for the stiffness and failure load, when comparing with without a history of such fractures. Signifi cant reductions in stiffness and strength were found between the two groups. While the isotropic resolution of 150 m m available from fl at-panel volume CT is not as high as that from high-resolution peripheral quantitative CT, our images showed that fl at-panel volume CT is suffi cient for the visualization of the trabecular network at the distal radius ( Fig 1 ) . It is possible that some of the fi ner trabeculae were not included in the model; however, Pistoia et al ( 25 ) demonstrated that the results of fi nite element models created from micro-CT (22 m m) correlated strongly with those obtained from models based on 165-m m images by using threedimensional peripheral quantitative CT. Our results support this finding and demonstrate that images from fl at-panel volume CT can be used to create fi nite element models capable of distinguishing healthy from diseased bone. In our study, we simulated an axial compression test on an axial section of the distal radius. The failure criteria we used were proposed and validated by Pistoia et al ( 9 ) and have been demonstrated to differentiate between the distal radius in healthy and osteoporotic subjects ( 24 ) . A recent study by MacNeil and Boyd ( 12 ) showed that linear fi nite element analysis can be used to determine bone strength with a strong linear relation between stiffness and strength. Thus, linear fi nite element analysis is a useful approach when comparing relative bone strengths. Our strong correlation between stiffness and failure load is thus not unexpected and explains the similar correlations with the morphologic parameters and DXA measurements.
The fact that our analysis was limited to a 5-mm section is likely the reason for the higher stiffness and failure load values we obtained compared with previous studies. Other reasons for our calculated higher values may have been the choice of the threshold level for the bone segmentation (results of fi nite element analysis models are highly sensitive to this value [ 26 ] ), the higher value used for the Young modulus, or the use of tetrahedral versus brick elements The primary site of interest in this study was the distal radius, although BMD measurements were also obtained for the femoral neck, hip, and spine. The advantage of analyzing trabecular structure and mechanical properties of the distal radius is that its peripheral location allows CT images to be obtained quickly and without direct or indirect exposure of reproductive organs in our young population. Furthermore, structure parameters of the distal radius had been proved to be valuable in prediction of vertebral fractures ( 27 ) .
There were several limitations to this study. First, the number of patients with AN and control subjects included in this study was relatively small; a larger study would allow to adjust for multiple comparison analysis. However, even with this small data set, all parameters except TbTh showed signifi cant differences between the two groups. Second, simplifi ed models and boundary conditions used for fi nite element analysis meant that it was not possible to simulate perfectly physiologic loading conditions. However, while this method does not realistically simulate the boundary conditions during a fall, it has been well correlated to mechanical testing ( 9 ) . Third, the weakest point of bone or potential fracture site may lie outside of the examined region and thus may not represent actual failure load. Fourth, we only assessed structure and mechanical properties of trabecular bone. Further studies evaluating the role of cortical bone are needed. Finally, because this study was cross-sectional in nature, the lack of follow-up did not allow true fracture risk to be confi rmed. However, on the basis of similar degradation in cortical and trabecular bone found in studies in osteoporotic patients with a history of fractures ( 7 ), our data suggest that altered bone microarchitecture in these women with AN may also indicate an increased risk of fractures.
In conclusion, we have shown reduced calculated stiffness and failure for the ultradistal radius followed by the radius. The inclusion of the cortical shell in the measurements of BMD is a possible reason that these correlations with mechanical parameters were slightly higher than those observed for the trabecular architectural indexes. Previous studies have shown that a high percentage of the load is borne by the distal cortex ( 24 ) . The lack of a signifi cant correlation with TbTh has previously been found by Pistoia et al ( 9 ) where a similar resolution was used (165 m m). This may be due to the exclusion of smaller trabeculae because of limitations in spatial resolution. MacNeil and Boyd ( 12 ) compared trabecular structure measurements obtained from human radius specimens (age range, Our data demonstrated signifi cant correlations between all BMD measurements and trabecular structure measurements (except TbTh) and stiffness and failure load. The strongest correlations with stiffness and strength were 
